Two plasmid vectors pFIT001 and pPALE-001, containing luxAB genes encoding bacterial luciferase [alkanal, reduced-FMN:oxygen oxidoreductase (1-hydroxylating, luminescing), EC 1.14.14.3] from Vibrio harveyi, have been constructed. Escherichia coli carrying derivatives of pFITOO1 with DNA inserts in the unique EcoRI site located in luxB form "dark" colonies that can be readily distinguished from the bioluminescent or "bright" colonies. In (16) were from A. Yun. Plasmid pMR19 was derived from pJN13 (17) by moving mob genes from the EcoRI site to the BamHI site and leaving a single HindIII site located in the middle of a 13.5-kb chromosomal fragment from B. japonicum. Soybean (Glycine max var. Wilkin) seeds were inoculated and the plants were grown in a controlled environment as described by Jagadish and Szalay (18).
transconjugants did express bioluminescence in root nodules that was strong enough to be detected by the naked eye.
Bacterial luciferase [alkanal, reduced FMN:oxygen oxidoreductase (1-hydroxylating, luminescing), EC Vibrio harveyi luciferase is a heterodimer (a,) encoded by two cotranscribed genes (luxAB) of =2.0 kilobases (kb) in size (2) . A 4.0-kb HindIII fragment containing the luxAB genes of V. harveyi (pTB7) was inserted into plasmid pBR322 and shown to be expressed in Escherichia coli (2) from the P1 (antitetracycline) promoter (3) . While a recent report by Engebrecht et al. (4) described the use of the seven-lux gene cluster of Vibrio fisheri for monitoring gene expression, we demonstrate here that the use of only luxAB genes is sufficient for this purpose.
Following the identification of the nitrogen fixation (nif) and nodulation (nod) genes in rhizobia (5) (6) (7) (8) , their promoter regions were fused to the lacZ gene of E. coli and their expression was measured by the ,B-galactosidase enzyme assay (9) . Both transcriptional and translational fusions were used to detect and quantify activation of the Rhizobium meliloti nifH promoter by the nifA gene product of Klebsiella pneumoniae (10) , to monitor the expression of the regulatory nifLA and glnALG operons of K. pneumoniae (11, 12) , and to show that a chromosomally integrated nifH promoter-lacZ fusion is regulated in trans with the native nif locus in stem Rhizobium BTAi1 (13) . Recent studies indicate that expression of the R. meliloti nodABC genes is activated by root exudates and by the nodD gene product, as evidenced by p8-galactosidase measurements using nodC and nodD promoter-lacZ gene fusions (14) . (16) were from A. Yun. Plasmid pMR19 was derived from pJN13 (17) by moving mob genes from the EcoRI site to the BamHI site and leaving a single HindIII site located in the middle of a 13.5-kb chromosomal fragment from B. japonicum. Soybean (Glycine max var. Wilkin) seeds were inoculated and the plants were grown in a controlled environment as described by Jagadish and Szalay (18) .
Plasmid Constructions. Plasmids pFIT001 and pPALE001 are derivatives of pBR322. The luxAB gene cluster of V. harveyi was from pTB7 (2) , and the restriction sites HindIII, EcoRI and Sal I were made unique as shown in Fig. 1 . The neomycin phosphotransferase gene (NPTII or Km for kanamycin resistance) was excised from transposon TnS of pSUP1011 with HindIII-Ava I and inserted into a Bgl II site of pPALE001 by blunt-end ligation. In the construction of pPALE001, a 0.6-kb Sal I-HindIII fragment of pBR322 and a 0.3-kb HindIII-Sal I fragment of V. harveyi DNA were deleted to form a single promoter-cloning site, Sal I, located about 130 base pairs (bp) upstream from the translational initiation codon of luxA. To eliminate a possible readthrough from upstream sequences, trpA transcription terminator (19) Abbreviations: kb, kilobase(s); bp, base pair(s).
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Detection of Bioluminescent Colonies on Agar Plates. Luciferase activity in an E. coli or Bradyrhizobium colony in the presence of 1-decanal ("n-decyl aldehyde," Sigma) vapors was detected visually in a photographic darkroom within 10-60 sec. A single streak of 1-decanal was made on the inside of the Petri dish lid using a cotton-tipped stick. For a permanent record colonies were photographed on Polaroid type 57 film (see legend to Fig. 2 ) or exposed to an x-ray film. Nitrocellulose replica of the colonies was also exposed to an x-ray film for 15 sec. (A-C) Arrowheads indicate some of the dark colonies-i.e., colonies that did not show bioluminescence. (D) EcoRI digest of plasmid DNA isolated from three bright colonies (lanes a-c; no inserts) and seven dark colonies (lanes d-j; all contain inserts). Total protein isolated from all the above clones was analyzed in a 15% acrylamide/1% (wt/wt) bisacrylamide gel containing NaDodSO4 (23) (E). The arrow indicates the position ofthe 37-kb 13 subunit of luciferase that is present in the bright colonies (lanes a'-c') but absent from the dark colonies (lanes d'-j'). The 42-kb a subunit comigrates with the E. coli elongation factor (EFTu) and its presence in lanes a'-c' was detected using antibodies to purified luciferase (see also Fig. 4C ). Control lane (cont.), protein isolated from E. coli HB101 containing pBR322; mw, molecular weight standards.
Genetics: Legocki et al.
Proc. Natl. Acad. Sci. USA 83 (1986) was measured using a photomultiplier photometer (20) with the sensitivity of 9.8 x 109 quanta/sec (light unit), referenced to the light standard of Hastings and Weber (21) . The substrate used for both types of assay was a sonicated suspension of 50 1.l of 1-decanal in 100 ml of 0.9 M NaCl, freshly prepared. Assays in vivo were done by mixing quickly 1 ml of cell culture with 1 ml of substrate suspension and measuring the peak value of emitted light. Measurements of bioluminescence in vitro were done as described (2) .
Measurements of Bioluminescence in a Liquid Scintillation
Counter. A 1-to 10-Al volume of the culture (1.5 x 104-1.5
x 105 cells) was pipetted into a scintillation vial containing 1 ml of H20 and 50 A.l of the sonicated 1-decanal solution, and the light produced was measured in the 32p channel.
RESULTS Visual Identification of Plasmid Clones Containing Inserts
Using pFIT001. The use of the vector pFIT001 allowed us to detect easily by eye all colonies carrying plasmids with insertions and distinguish them from colonies containing the parent plasmid. The P1 promoter-luxAB gene fusion present in pFIT001 was found to be constitutively expressed in all E. coli and B. japonicum strains tested. This plasmid was linearized with EcoRI and ligated to about 30% insertion frequency (22) with a small population of DNA fragments previously digested with EcoRI. Since the EcoRI site of pFIT001 is located in the luxB gene ( Fig. 1) , the presence of any insertions will result in dark transformants. Fig. 2A shows the pFIT001-containing transformants of E. coli strain HB101 on an agar plate. After treatment of the same plate with 1-decanal vapors bioluminescent colonies were photographed in the dark (Fig. 2B ) and subsequently exposed for about 15 sec to an x-ray film (Fig. 2C) . The arrowheads in A, B, and C indicate the presence of several colonies that did not emit light. All dark colonies analyzed were shown to carry an EcoRI insertion in the pFIT001 vector (Fig. 2D, lanes d-j) , while no insertions were found in any of the bioluminescent colonies (Fig. 2D, lanes a-c) . Direct evidence for the lack of luciferase in the dark colonies was provided by protein analysis on polyacrylamide gels containing NaDodSO4 (Fig.   2E ).
Measurement of Promoter Strength in Vivo: Luxdot Assay. To alter the rate of luciferase expression from the P1 promoter of pFIT001, different DNA fragments free of transcriptional terminators were inserted into the region separating the promoter from luxAB, and the resultant clones were analyzed for bioluminescence. Four DNA fragments representing central portions of selected structural genes were purified by electroelution (24) and blunt-end ligated into the HindIII site of pFIT001. The following fragments were used: a 0.6-kb BamHI-Nru I fragment of the tetracycline resistance gene of pBR322 (Fig. 3A, lane b) , a 0.85-kb Ava I fragment of stem Rhizobium BTAil chromosome isolated from pRL11H (25) Fig. 3B shows that the intensity of light produced by the uninterrupted P1 promoter-luxAB gene fusion (lane a) is attenuated to changing degrees by the insertion of different DNA fragments (lanes b-e) and that the transcription can be blocked by the trpA transcription terminator (lane f). The observed differences in luciferase levels are likely to be due to changes in the 5' region of mRNAs and resulting changes in protein translation, rather than due to decreased promoter strength. However, when the P1 promoter of pFIT001 was replaced with other promoter signals, including lac (26) and tac (27) promoters and a B. japonicum promoter library expressible in E. coli, a wide variation in luxdot intensity was observed that could be related directly to promoter strength. Fig . 3C shows a part of the same luxdot pattern generated by 1.6 x 106 cells in each 5-/l droplet. X-ray scanning data shown under the luxdot pattern in Fig. 3C represent the relative strength of lux expression in each clone with reference to the original pFITOO1 construct (100% activity) used as an internal standard. Based on the luciferase assay carried out in vitro for the clone selected as an internal standard, all relative numbers obtained from a luxdot pattern can be expressed in light units. The diagram in Fig. 3C illustrates luciferase expression in the above clones as measured by a liquid scintillation counter, with reference to the same internal standard of pFIT001. To measure luciferase activity directly, all ofthe above clones were subjected to the enzyme assays in vitro and in vivo, and the results were expressed in light units (Fig. 3D ). All measurements presented in Fig. 3 , including the simple scintillation counting method, are in agreement with the results of the enzyme assay in vitro, and by using just one clone as an internal standard all data can be converted to the actual enzyme units.
Bioluminescence in Soybean Nodules: Expression of Luciferase Genes from nifD and nifH Promoters of B. japonicum. We have previously shown in stem nodules ofAeschynomene scabra that a chromosomally integrated nifH promoter-lacZ gene fusion in the stem Rhizobium bacteroids is activated in trans with the native nif region (13) . We now report that the activity of nifD and nifH nitrogenase promoters of B. japonicum can be measured in a single root nodule of soybean (Fig. 1) and placed in the middle of a 13,5-kb fragment of B. japonicum chromosome, located on the mobilizable plasmid pMR19 (Materials and Methods). Following conjugation from E. coli strain SM1Q (18) , Bradyrhizobium transconjugants were selected for kanamycin resistance, and colonies containing a single copy of the promoter fusion per genome were identified as "double cross-overs" by DNA hybridization, as had been demonstrated previously in stem Rhizobium BTAi1 (13) . No bioluminescence was detected in free-living transconjugants containing the nif promoterluciferase gene fusions, as judged by extended exposures to x-ray film.
For plant tests soybeans were divided into three inoculation groups: wild type, niJD promoter-luxAB fusion, and nifH promoter-luxAB fusion. Beginning at day 18 after inoculation, single nodules were harvested, weighed, and measured for acetylene reduction in a 0.5-ml volume of 10%o (vol/vol) acetylene (28) and for bioluminescence in a liquid scintillation counter. Fig. 4A shows that nodules formed by the wild-type B. japonicum and those formed by transconjugants containing the nifD promoter-luxAB fusion fix nitrogen at approximately equal rates. About 36 hr after addition ofnitrogen-rich medium, which is known to inhibit expression of nifgenes in rhizobia, a rapid decline in nitrogen fixation was observed.
Measurements of bioluminescence performed on the same tissues ( Fig. 4B) showed high levels of luciferase activity in nodules containing the nifD promoter-luxAB fusion and a similar decline of bioluminescence at 60 hr. There was no bioluminescence detected at any stage in the wild-type nodules.
We did not fully understand why the decline in bioluminescence did not coincide with the decline in nitrogen fixation; these two events occurred 24 hr apart. In contrast to the nitrogenase complex, the bacterial luciferase from V. harveyi has been described as a relatively stable proteine.g., its structure and enzymatic activity were not affected by repeated freezing and thawing (20) . Thus, it is possible that this protein has a long half-life in B.japonicum bacteroids. To determine levels of the luciferase protein in nodules treated with nitrate, bacteroids were isolated at 12-hr intervals, and their total protein extracts analyzed electrophoretically. Fig.  4C shows that the amount of luciferase in bioluminescent nodules is very small and that its presence cannot be detected by staining. A nitrocellulose replica treated with antibodies against purified luciferase (Fig. 4D) indicates virtually the same level of the enzyme between 0 and 48 hr following the addition of nitrate, and a steady decrease in the amount of luciferase thereafter. It thus appears that the turnover rate of the luciferase polypeptides in nodules may indeed be very low and that the stability of this protein may cause the observed delay in the decline of bioluminescence.
To determine whether in the early stages of nodule development the expression ofnitrogenase is, in fact, accompanied by the expression of bioluminescence, total extracts of two types of nodules were compared using the luxdot assay: Measurements of bioluminescence in soybean nodules demonstrated that the expression of a single copy per B. japonicum genome ofthe nifD or nifH promoter-luxAB fusion can be detected in a liquid scintillation counter using only a fraction of a single nodule extract. Parallel measurements of nitrogen fixation and bioluminescence done on the same nodules before and after treatment of plants with nitrate suggested that the expression of nitrogenase and luciferase genes in these nodules is coordinately controlled.
As mentioned in Results, bioluminescence in nodules containing the nifD promoter-luxAB fusion was strong enough to be visible to the dark-adapted eye, but only if the 5 . Expression of bioluminescence in soybean nodules controlled by a constitutively expressed P1 promoter (A) and the symbiotically regulated nifD promoter (B), as monitored by the luxdot assay on x-ray film. Five-microliter droplets of total nodule extracts (0.1 g nodule per 0.5 ml of buffer) were exposed to x-ray film in the presence of 1-decanal vapors. The increase in luxdot intensity in A is due to an increase of the bacteroid number from about 1 x 10' per mg of tissue on day 7 to approximately 1.5 x 1010 per mg on day 14. C shows nitrogen fixation activity in the bioluminescent nodules measured before homogenization.
nodules were cut open. This may be due to two factors related to nodule structure. The light emitted by bacteroids, located in the central cortex, could be blocked by several uninfected cell layers of the peripheral cortex. Alternatively, the luciferase reaction, known to require oxygen, may be enhanced by exposure of bacteroids to atmospheric oxygen.
